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[57] ABSTRACT 

Disclosed is a multiple-signal receiver system for direct 
sequence, code division multiple access (CDMA), 
spread spectrum (SS) signals. The receiver is structured 
to overcome inter-signal interference during signal ac- 
quisition and data reception even when the ratio of 
received signal powers exceeds the bandwidth spread- 
ing ratio of the signals. The receiver contains one pro- 
cessing channel for each signal in which correlation 
with the spread spectrum code of its particular signal is 
used to selectively isolate that signal so that its wave- 
form parameters can be estimated, its data demodulated, 
and its waveform reconstructed. Each reconstructed 
CDMA waveform is individually adjusted in amplitude 
and phase to cancel its particular CDMA signal from 
the composite input of multiple CDMA signals. This 
receiver structure allows cancellation at the input of 
each receiver signal processing channel of all CDMA 
signals except the particular desired signal for that 
channel. 
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MULTIPLE SIGNAL RECEIVER FOR DIRECT 
SEQUENCE, CODE DIVISION MULTIPLE 
ACCESS, SPREAD SPECTRUM SIGNALS 

5 

BACKGROUND OF THE INVENTION 

Direct sequence phase modulation by pseudo-random 
spread spectrum codes has often been considered to 
allow use of a network of simultaneous multiple access 
communications and navigation using data-modulated 10 
signals occupying a common frequency band. Such a 
network is often referred to as a direct sequence code 
division multiple access (DS-CDMA) system. In such a 
system, each signal's unique spread spectrum code is 
used to digitally phase modulate the carrier at a ("chip") 15 
rate that is a very large multiple of the data modulation 
rate. Since this process spreads the signal bandwidth, 
the ratio of these two rates is termed the bandwidth 
spreading ratio (SR). 

In prior art DS-CDMA receivers, signal selectivity 20 
has been accomplished in each receiver channel by 
correlation of the composite received signal with a 
locally generated synchronized replica of the desired 
signal's code. The result of this code matched filtering 
process is a selective enhancement of one desired sig- 25 
naPs power over that of each of the other signals by a 
factor equal to SR, thereby suppressing mutual interfer- 
ence. 

One of the major limitations to the use of DS-CDMA 
systems for radio networks using the conventional 30 
CDMA receiver structure is termed the near/far prob- 
lem. This problem arises when weak and strong cochan- 
nel CDMA signals are received simultaneously. When 
the ratio of their received signal powers approaches or 
exceeds SR, the selective enhancement of a weaker 35 
signal is insufficient to overcome the interference from 
the stronger signals, and acquisition and accurate de- 
modulation of the weaker signal becomes impossible. 
Since large ratios of signal strength are ofter associated 
with large differences in propagation distance, this situ- 40 
ation has been termed the near/far problem. The sub- 
ject invention is aimed at overcoming the near/far prob- 
lem. 

The prior art of DS-CDMA systems has been summa- 
rized in a journal article by Schilling et al, entitled 45 
"Spread Spectrum Goes Commercial," appearing in the 
August 1990 issue of the IEEE Spectrum, In that publi- 
cation the authors envision using a technique called 
adaptive power control to overcome the near/far prob- 
lem. Their technique requires sensing the received 50 
power level of each CDMA signal, and commanding 
the transmitters of those signals that are too strong to set 
back their transmitted power levels as needed to allow 
reliable demodulation of the weaker signals. This tech- 
nique requires an active return communication link 55 
from the receiver back to each active transmitter and 
the means to adjust the power of each CDMA transmit- 
ter. The subject invention uses a completely different 
approach to overcoming the near/far problem, one 
which is totally contained within the receiver itself so 60 
that no active return communication links to the trans- 
mitters are required and one that can operate with sim- 
pler constant power transmitters. 

Accordingly, it is an object of the present invention 
to provide an improvement in DS-CDMA receiver 65 
apparatus. 

It is another object of the present invention to pro- 
vide a DS-CDMA receiver apparatus which includes 
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2 

improved signal selectivity by using correlations with 
each received signal's spread spectrum code, not only 
to selectively enhance each received signal but also to 
selectively suppress all the other DS-CDMA received 
signals, thereby overcoming the near /far problem. 

It is another object of the present invention to pro- 
vide a DS-CDMA receiver apparatus which includes 
means for estimating and reconstructing replicas of the 
waveforms of the DS-CDMA received signals with 
minimal time delay, and then subtracting these recon- 
structed waveform replicas from the receiver input so 
as to effect cancellation of their corresponding DS- 
CDMA received signals. 

It is another object of the present invention to over- 
come the near/far problem without the requirement for 
a return communication link to the CDMA transmitters 
and without the requirement that the CDMA transmit- 
ters have means to adjust their output RF power level. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram generally illustrative of the 
electrical signal processing concepts embodied in the 
present invention. 

FIG. 2 is an electrical block diagram generally illus- 
trative of the preferred embodiment of the subject in- 
vention as it would be applied with a binary phase-shift 
keyed (BPSK) signal modulation format. 

FIG. 3 is an electrical block diagram of a BPSK 
Costas loop used in FIG. 2 for acquiring and estimating 
signal carrier frequency and phase. 

DESCRIPTION OF THE INVENTION 

These and other objects are accomplished in this 
invention. The new DS-CDMA receiver focuses first 
on separate estimations of the parameters of the individ- 
ual DS-CDMA signal waveforms that are present at its 
input so that the waveforms can be reconstructed and 
used to cancel each signal waveform with minimal in- 
terference effects from the other signals. Demodulation 
of each signal is mostly a by-product of its estimation 
process. 

The estimation process makes use of information 
known about each waveform — its SS code, its modula- 
tion structure, and its data rate. Parameters that are 
important to reconstruct each signal waveform are esti- 
mated in each channel of the receiver — the carrier fre- 
quency and phase, the modulating data* the amplitude, 
and the synchronization of the spread spectrum code. 

The DS-CDMA receiver concepts are depicted in 
the block diagram of FIG. 1. There are N Signal Esti- 
mator and Demodulator (SED) channels 1, one for each 
of the DS-CDMA signals. The k m SED channel pro- 
duces S*, the reconstructed replica of the k T ** input 
signal component waveform S*. The S* reconstructed 
waveform replicas are all combined together in a sum- 
mer 2. The sum is then subtracted from the received 
combination of DS-CDMA signals in a combiner 3 to 
form an error signal in which all of the CDMA signals 
are canceled. The receiver combination of DS-CDMA 
signals is obtained through receiver front end circuits 6 
at RF, IF, or baseband. The error signal is the input 
common to all N of the Signal Estimator and Demodu- 
lator channels. Each channel concentrates its attention 
on minimizing the power of that component of the 
common error signal that correlates with its spread 
spectrum code to keep its waveform estimate as accu- 
rate as possible. 
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Each Signal Estimator and Demodulator channel cellation protection against inter-signal interference to 
performs two major functions-signal parameter estima- each channel during both its "acquisition" mode and its 
tion 4 and reconstruction of the estimated signal wave- "track" mode. 

form 5. In order to estimate the parameters of its signal Implementation of the spread spectrum code syn- 

as accurately as possible, we would like the k™ signal 5 chronization function in this CDMA receiver is the 
parameter estimator to be presented with the k r// signal same as in a conventional DS-CDMA receiver and is 
at full strength, and all other CDMA signals canceled. straightforward to -one skilled in this art. 
This is accomplished by adding S* to the error signal in ™=Qr*p iptthm nP thf pp fpfr R PO 

the summer 23 forming the signal X*. where DESCRIPTION OF THE PREFERRED 

10 EMBODIMENTS 

.v - A" * The description of the preferred embodiment is pres- 

x k = s* + / z j {S, - Si) - s k -r .2^5/ - S t ). enled for bQth datfl and spread S p ec t r um modulation in 

a binary phase-shift keying format. This format is used 
for illustration purposes only. The invention applies to 

The signal X* is then fed into the signal parameter esti- 15 modulation formats usable in direct sequence spread 

mation portion of Signal Estimator and Demodulator spectrum signals including but not limited to quadri- 

#k. Thus, X* contains signal S* uncanceled plus all phase, staggered quadriphase and minimum shift keying 

other signals canceled by their waveform replicas that modulation. 

are generated in the other SED channels. At that point Tne p rev ious description of the ZA CDMA receiver 
SS code #k from the k^SS code generator 7 is used to 20 presented the two main functions of the Signal 
strip the SS modulation thereby producing the narrow- Estimator and Demodulator as occurring sequential- 
band k 7 " data signal so that the estimation of the earner ly _f irst estimation of the signal parameters and then 
frequency and phase, signal amplitude, and data modu- reconstruction of the estimated waveform. It is not 
lation can proceed. The demodulated data output is neC essary to perform those functions sequentially, and 
obtained along with the estimate of the data modula- 25 . can [n fect be interleaved( as in lhe b i ock diagram 
tion. The estimated waveform parameters, along with of F]G 2 $i . Estimator and Demodulator #1 is 
the SS code, are provided to the waveform reconstruct di med in detail in F1G . 2 . The others are identi . 
tion portion of Signal Estimator and Demodulator #k, structured 

which produces the reconstructed signal waveform ^ ^ n {n RG ^ fQmcd - n the ^ 

replica 5*. w manner as described in FIG. 1, is the input to all the 

The receiver a ^^ r ™J £ Signal Estimator and Demodulator (SED) channels 22. 

structured somewhat ^J^^^ After it enters the SED, it is combined in summer 23 or 

FIG. 1, whereby cancellation is applied only to those . . . , . c _ n ' ^ „ • 

signals strong enough to significantly interfere with the c ™ bin ^ h the J? E ? S ^ ^^TZf^? 

weakest signal. Ye* another alternative would be to 35 of the /\ ED * P artI * ular ^:J^^l3f^: 

arrange the channels in a feedforward cascade configu- f ™ era , ted and synchronized to the signal « code by the 

ration in which each channel does the estimation, de- fS code generator 37. « then used to strip the SS modu- 

modulation, waveform reconstruction, and cancellation 5??^ 1 ? te . M ^S demod) in mixer or multiplier 

of one signal, feeding its cancellation output to the next * A hard hmiter 25 follows the SS demod. ^wluch 

channel Such a cascade arrangement would work best 40 « Costas loop 24 is used to extract both an estima e of 

if the channels were arranged in order of the signal the earner and dirty data. (Detail of the Costas loop 

strengths, strongest first to weakest last. Any of these for biphase modulated data is shown in FIG. 3.) The 

alternative structures would not operate as well as the estimated carrier is then remodulated with the clean SS 

structure of FIG. 1 because in FIG. 1 the simultaneous c° de chl P s in ««er 27 an< * the estimated data in mixer 

cancellation of all signals leads to the most accurate 45 28. where the estimated data is obtained by owpass 

parameter estimation and demodulation of each of the filtering of the "dirty" data in Remod LPF lowpass 

signals. Furthermore, the receiver structure of FIG. 1 fllter 29 followed by hard limiting in hmiter 30. The 

does not have to be reorganized as relative signals amplitude estimate is then applied by an amplitude 

strengths fluctuate. A final consideration is that the weight multiplier 31 to complete the reconstruction of 

concept of canceling all signals but the desired one at 50 the SED's signal. The amplitude estimate is formed in 

the input of each receiver channel is implemented effi- an LMS (least mean square) feedback loop by correlat- 

ciently in FIG. 1, which has an implementation com- ing the amplitude weight input with the error signal 21 

plexity that expands linearly with the number of chan- in multiplier 32 and integrator 33. The time constant of 

nels as opposed to other conceivable means of intercon- the LMS control loop should be fast enough to follow 

nection of receiver channels which may expand in pro- 55 the rate of any amplitude fluctuations that may be the 

portion to the square of the number of channels. result of fading on the communications link. 

In general the signal parameter estimation portion of The demodulated data output is obtained by matched 
each SED receiver channel will contain a subsystem to filtering the Costas loop's "dirt/' data through an inte- 
estimate the frequency and phase of its signal's carrier grate and dump filter 34, hard Hmiter 35, and sampler, 
and a subsystem to estimate the timing synchronization 60 which samples just before dumping. This process pro- 
of its spread spectrum code. When its particular signal is duces an output data stream that is delayed by a full data 
initially presented these subsystems operate in an "ac- bit duration from the data modulation at the system 
quisition" mode during which the estimation errors are input. While this delay is ordinary and tolerable in the 
reduced to suitably small values. Following the "acqui- demodulation process, it is not tolerable in the process 
sition" mode these subsystems operate in a "track" 65 of constructing S/. In order for S/ to provide deep can- 
mode, during which the tolerably small estimation er- cellation of S/, it must be both accurate and timely. This 
rors are maintained and the data may be reliably demod- dual requirment provides a dilemma in the selection of 
ulated. The structure shown in FIG. 1 provides its can- the bandwidth of the Remod LPF. A wider bandwidth 
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means less delay (more timely), but greater susceptibil- 
ity to disturbance by noise and the cancellation residues 
or other signals (less accurate). A narrower bandwidth 
improves accuracy but degrades timeliness. 

The above dilemma is resolved through the following 5 
rationale. A stronger signal allows inherently greater 
estimation accuracy by virtue of its signal strength, so 
that enhancing the timeliness of its waveform estimate 
by widening the bandwidth becomes more important. A 
weaker signal needs narrower bandwidth for greater 10 
protection against disturbance by noise and other can- 
cellation residues. This line of reasoning has led to the 
following empirical relationship to select the optimal 
bandwidth of the Remod LPF in each channel: 



Bfti - <03/7j»N Em/So 

where Bj?/ is the optimal bandwidth of the \ TH channel 
single-pole Remod LPF in Hz, Est is the i Tff signal 20 
energy per data bit, No is the input noise spectral den- 
sity (one-sided), T^is data bit duration in seconds. Since 
Tb is known and No can be measured in the common 
error signal, control of Bju may be implemented as 
follows. 25 
Set 



B K = 0.3{UTb + Ai/TxZ] 

30 

where A/ is the amplitude estimate formed in the \ TH 
SED. During initial adaptation in which A/may start at 
zero, Bjh maintains a useful value of 0.3/T^. As A; 
increases during the adaptation process to the actual 
signal amplitude, Bm increases to approximate its opti- 35 
mum value. 

Once bit synchronization has been established by 
techniques that are well known to those skilled in this 
an. the Remod LPF input can be structured as an inte- 
grate and dump filter with a continuous output instead 40 
of an output that is sampled just before the integrator is 
dumped. The integrator is dumped at the end of each bit 
interval. When the integrate and dump filter is used, no 
adjustment of its bandwidth is required. 

The V.™ Costas loop used in FIG, 2 is diagrammed in 45 
FIG. 3, representing a well-known function. It is used 
to phase-lock the output of voltage-controlled oscillator 
(VCO) 41 to the suppressed carrier of the YT H binary 
phase-shift keyed input signal so that the signal can be 
synchronously demodulated. The output of VCO 41 is 50 
used directly to beat with the binary phase shift keyed 
(BPSK) loop input signal in mixer 42. The VCO output 
is also shifted by 90 degrees in phase shifter 43 to then 
be used to beat with the loop input signal in mixer 44. 
The output of mixer 42 provides the "dirty" data output 55 
signal from the Costas loop. The inphase (I) output of 
mixer 42 is filtered in lowpass filter 45 whose bandwidth 
is approximately that of the data. The quadriture (Q) 
output of mixer 44 is filtered in a similar lowpass filter 
46. The output of filter 45 is applied to a limiter 47, after 60 
which it is multiplied in multiplier 48 with the output of 
filter 46. This multiplication process produces a carrier 
tracking feedback error signal with a low frequency 
component that is proportional to sin 20, where 6 is the 
phase error to be driven to zero. The output of multi- 65 
plier 48 is integrated in loop lowpass filter 49, whose 
output voltage adjusts the frequency of VCO 41. After 
a transient acquisition time, the Costas loop settles to 



.493 

6 

operate with very low phase (and frequency) error 
between the output of VCO 41 and the carrier of the 
k r// BPSK input signal. Thus, the frequency and phase 
of the output of VCO 41 are good estimates of the YT H 
carrier frequency and phase. 

Because the SED channels are all identical in struc- 
ture, it is possible to implement multiple SED channels 
by time-sharing many of the functional units therein. 
Such an implementation approach may be the most 
economical in many situations. 

While the invention has been particularly shown and 
described with reference to a preferred embodiment 
thereof, it is to be understood from the foregoing that 
other changes and modifications in the form and details 
may be made without departing from the spirit and 
scope of the invention as set forth in the subtended 
claims. 

What is claimed is: 

1. Radio apparatus for operating as a multiple channel 
signal receiver for multiple, direct sequence (DS), 
spread spectrum (SS), code division multiple access 
(CDMA) signals received at one location from multiple 
transmitters located at widely varying distances from 
said apparatus, said apparatus comprising: 
a receiver means for substantially simultaneously 
receiving different CDMA signals from an antenna 
means and supplying a first composite signal in 
response thereto; 
a subtracter means which receives at a first input 
thereof, a first composite signal from said receiver 
means; 

an interference cancellation system comprising a plu- 
rality of signal combining means which each have 
inputs and an output, and a corresponding plurality 
of CDMA SS estimator-demodulator means; 
at least one of said estimator-demodulator means 
comprising a SS code generator for selectively 
supplying a specific SS code sequence signal, a 
signal parameter estimation means, responsive to a 
specific SS code sequence signal from said SS code 
generator and an output from an associated one of 
said signal combining means, for generating an 
estimated data signal and an estimated carrier sig- 
nal, a CDMA waveform reconstruction means, 
responsive to an estimated data signal and an esti- 
mated carrier signal from said estimation means, 
for generating a reconstructed CDMA signal, and 
a weighting means for weighting said recon- 
structed signal from said reconstruction means to 
produce a waveform estimation signal and apply- 
ing said waveform estimation signal to an input of 
said summing means and to a first input of said 
associated combining means; 
said summing means summing waveform estimation 
signals from each of said estimator-demodulator 
means to produce a second composite signal, and 
applying its produced second composite signal to a 
second input of said subtracter means, said sub- 
tractor means subtracting a first composite signal 
from said receiver means from a second composite 
signal from said summing means to provide a com- 
mon error signal which is applied to a second input 
of at least said combining means associated with 
said at least one estimator-demodulator means for 
causing said at least one estimator-demodulator 
means to reject all received CDMA signals other 
than a received CDMA signal having a SS code 
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sequence which is the same as said SS code se- 
quence signal supplied by its SS code generator, 
whereby said interference cancellation system pre- 
vents relatively strong CDMA signals from render- 
ing said at least one estimator-demodulator means 5 
unresponsive to relatively weak SS signals. 

2. The radio apparatus as defined in claim 1 wherein 
said weighting means comprises multiplier means and 
integrator means, said weighting means producing its 
estimation signal in response to a common error signal 
from said subtractor means, a reconstructed signal from 
said CDMA waveform reconstruction means, and an 
amplitude estimation signal generated by said integrator 
means. 

3. The radio apparatus as defined in claim 2 wherein 
said multiplier means comprises a first multiplier which 15 
receives as inputs said common error signal and said 
reconstruction signal and applies an output to said inte- 
grator means, and a second multiplier which receives as 
inputs said reconstructed signal and said amplitude esti- 
mation signal and applies said waveform estimation 20 
signal as an output to said summing means. 

4. The radio apparatus as defined in claim 3 wherein 
said CDMA waveform reconstruction means comprises 
a third multiplier which receives a carrier estimation 
signal from said signal parameter estimation means and ^ 
a SS code sequence signal from its associated SS code 
generator as inputs, and supplies a remodulation signal, 
and a fourth multiplier which receives as inputs a 
remodulation signal from said third multiplier and a 
data estimation signal from said parameter estimation 
means and applies as an output, said reconstructed sig- 30 
nal to said second multiplier. 

5. Radio apparatus for operating-as a multiple channel 
signal receiver of multiple, direct sequence (DS), spread 
spectrum (SS) t code division multiple access (CDMA) 
signals received at one location from multiple transmit- 35 
ter locations of widely varying distances, comprising: 

a receiver means for receiving a composite CDMA 
signal from an output of an antenna means and 
supplying a composite signal in response thereto; 

a interference cancellation system having one output ^ 
and N inputs which are adaptively weighted and 
summed for cancelling the composite signal output 
by said receiver means to prevent strong CDMA 
signals from rendering CDMA SS demodulators 
unresponsive to weak SS signals and having as said 
output a composite common error signal; 45 

the interference cancellation system comprising a 
CDMA SS demodulator, signal parameter estima- 
tor and CDMA waveform reconstructor for each 
of the N CDMA signals received by the receiver 
means for selective enhancement of each CDMA 50 
signal, and providing as parallel outputs, estimate 
signals representative of the N received CDMA 
signals; 

a set of N two-input combiners, each combiner add- 
ing the composite common error signal to an out- 55 
put of a CDMA waveform reconstructor, an out- 
put of each two-input combiner being connected to 
the input of the associated SS demodulator, signal 
parameter estimator and CDMA waveform recon- 
structor for separating, prior to demodulation, each 
received CDMA signal by selective rejection of 
other unwanted CDMA signals; and 

a set of N SS code synchronizers and generators, each 
being operable to select a specific SS code se- 
quence which is the same as the SS code of a re- 
ceived CDMA signal, and each said code genera- 65 
tor outputting its SS code sequence, time synchro- 
nized to the SS code of a received CDMA signal, 
for removal of the SS code by multiplication in the 
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SS demodulator and for SS code remodulation by 
multiplication in the CDMA reconstructor. 

6. The radio apparatus as defined in claim 5 wherein 
the said receiver means further includes circuit means 
for down-converting a composite RF CDMA signal of 
a predetermined frequency band to an IF CDMA signal 
and wherein said interference cancellation system oper- 
ates at IF. 

7. The radio apparatus as defined by claim 6 wherein 
the interference cancellation system includes: 

a first means for estimating each CDMA waveform 
and isolating it from all other CDMA signals; 

a second means for providing individual CDMA 
reference signals as the outputs of the CDMA 
waveform reconstructors; 

a third means for adaptively adjusting the amplitude 
and phase of said CDMA estimate signals to effect 
cancellation of the received composite CDMA 
signal when combined with the received composite 
CDMA signal from the said antenna means, having 
as an output the composite error signal; 

a fourth means for connecting the composite error 
signal output from said third means for use as a 
common feedback error signal to all CDMA SS 
demodulators and all amplitude and phase adjust- 
ment circuits, for cancellation of all CDMA signals 
at a common point in the output of the interference 
cancellation system; and 

a fifth means coupled to the third and fourth means 
for splitting and algebraically combining the com- 
posite common error signal individually with each 
adjusted CDMA reference signal to form the selec- 
tively enhanced input to each CDMA SS demodu- 
lator. 

8. The radio apparatus as defined in claim 6 wherein 
the said receiver means further includes a pair of quad- 
rature local oscillator and mixer circuit means for 
down-converting a received composite CDMA signal 
of a predetermined band to baseband in phase (I) and 
quadrature (Q) components which are outputted to I 
and Q baseband subtracters of a baseband interference 
cancellation system (ICS), the baseband ICS having a 
pair of identical amplitude modulators for adjusting the 
amplitude of the CDMA reference signals* I and Q 
components to cancel the I and Q components of the 
received composite CDMA signal and having as a can- 
celled output baseband I an Q components of the com- 
posite common error signal fed back to I and Q SS 
demodulators and I and Q component CDMA wave- 
form reconstructors. 

9. The radio apparatus as defined in claim 8 wherein 
the receiver means further includes circuit means for 
sampling and digitizing the inphase and quadrature 
baseband components of the received composite 
CDMA signal and wherein, the CDMA SS demodula- 
tion and CDMA waveform reconstruction operations 
take place in digital circuits which are controlled by a 
microprocessor by means of a software program. 

10. The radio apparatus as defined in claim 5 wherein 
the same SS code is selected using the input means for 
all N SS code generators for code delay adjustment, and 
having outputs of the N SS code synchronizers con- 
nected to the SS demodulators and waveform recon- 
structors for tracking and isolating the distinct CDMA 
signal components, the CDMA signal components hav- 
ing distinct delays imparted by the multipath compo- 
nents of a radio propagation link, for functioning as an 
anti-multipath communication receiver by outputting 
the data from the SS demodulator whose synchronized 
SS code sequence has the smallest delay. 
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